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Abstract
We present a novel inflationary scenario in theories with low scale (TeV)
quantum gravity, in which the standard model particles are localized on the
branes whereas gravity propagates in the bulk of large extra dimensions. This
inflationary scenario is natural in the brane world picture. In the lowest
energy state, a number of branes sit on top of each other (or at an orientifold
plane), so the vacuum energy cancels out. In the cosmological setting, some
of the branes ”start out” relatively displaced in the extra dimensions and the
resulting vacuum energy triggers the exponential growth of the 3 non-compact
dimensions. The number of e-foldings can be very large due to the very weak
brane-brane interaction at large distances. In the effective four-dimensional
field theory, the brane motion is described by a slowly rolling scalar field
with an extremely flat plateau potential. When branes approach each other
to a critical distance, the potential becomes steep and inflation ends rapidly.
Then the branes ”collide” and oscillate about the equilibrium point, releasing
energy mostly into radiation on the branes.
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A. Introduction.
Recently it was suggested that the fundamental scale of quantum gravityMPf may be as
low as TeV, providing an alternative understanding of the hierarchy problem [1]. Observed
weakness of gravity at large distances is associated by N large new dimensions (of size
∼ R >> M−1Pf ) in which gravity can propagate. Then the relation between the observed
Planck scale MP and the fundamental Planck scale MPf is given by
M2P =M
N+2
Pf VN (1)
where VN ∼ R
N (N must be 2 or larger) is the volume in extra spatial dimensions (i.e.,
the bulk). In this picture, all the standard model particles must live in a brane (or a set of
branes) with 3 extended space dimensions [1]1. Perhaps the most natural embedding of this
picture is in the string context via the D-brane construction (see [6] for an introduction),
where the standard model fields can be identified with open string modes stuck on the
D-branes and the graviton is a closed string mode propagating in the bulk [7–10].
Various phenomenological and astrophysical constraints [1] and related issues like black
holes [11], collider physics [12], flavor violation [13], neutrino masses [14,15] and proton
decay [1,15] have been addressed. Unification of the gauge couplings is another important
issue and in this respect, the proposals of [16], [15] look particularly promising.
The main concern of the present paper is the inflationary cosmology in this framework.
Obviously, with the above proposal, the standard cosmological picture is dramatically af-
fected. As it was shown in [1], big bang nucleosynthesis (BBN) and the bulk graviton
production place severe bounds both on the reheating temperature and on the ”initial con-
ditions” for the hot big bang after inflation. First, the reheat temperature must be above at
least 1 MeV for BBN to proceed successfully. On the other hand too much reheating in the
bulk can lead to the overproduction of Kaluza-Klein (KK) gravitons which can over-close
the Universe and ruin the success of BBN. Therefore the minimal requirement after infla-
tion would be to reach a reasonable reheating temperature on the brane TR, while the bulk
remains cold and empty2. The question is how to implement inflation in this scenario to
achieve these properties, in addition to sufficient inflation, and correct amounts of density
perturbation and baryogenesis? Some potential problems in this respect were considered
in [17] [18]. Their considerations, however, were limited to conventional inflation potential
with the inflaton being one of the fields living on the brane. This type of scenarios typically
requires tremendous fine tuning.
In this letter we suggest a novel inflationary scenario, free of the above difficulties. The
crucial aspect is that, although the inflaton is a brane mode in the ground state, it behaves
as an ”inter-brane” mode that describes a relative separation of branes in the extra space
1In a different context an attempt of lowering the string scale to TeV, without lowering the
fundamental Planck scale was considered in [2], based on an earlier observation in [3]. Dynamical
localization of the fields on a (solitonic) brane embedded in a higher dimensional universe has been
studied earlier in the field theoretic context for spin-0 and 1/2 [4], [5] and spin-1 states [5]
2For recent discussions on thermal phase transitions in higher dimensional theories see [19], [20].
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directions. This separation induces inflation in the 3 non-compact dimensions. During
inflation, when branes are generically separated, the inflaton behaves as a weakly coupled
field (as it should), with a slow-roll behavior. Towards the end of inflation, when branes
come close, the inflaton couples to the other brane modes but remains very weakly coupled
to the bulk modes. This means only the brane is reheated, thus avoiding the problems
with late entropy release or over-closure of the Universe. For the outside observer, this
process would look like reheating due to the ”breathing” of brane-brane bound-state. An
oversimplied inflaton potential that illustrates the above generical feature has the form:
V (φ) ∼M4Pf ξ(φ/MPf)(1− e
(−|φ|/m)) (2)
where m is a model-dependent mass scale and ξ(φ) is a smooth slowly-varying function.
This inflationary scenario emerges rather naturally in the generic brane world picture
[1,10]. We may consider the Type I string where K branes sit more or less on top of an
orientifold plane at the lowest energy state, resulting in zero cosmological constant. In
the cosmological setting, it is reasonable to assume that some of the branes were relatively
displaced from the orientifold plane in the early universe. This displacement induces an
effective vacuum energy density triggering inflation. The separation distance may be iden-
tified with the vacuum expectation value φ of an appropriate Higgs field [21]. This Higgs
field is an open string state with its two ends stuck on two separated branes; that is, this
scalar field is a brane mode playing the role of the inflaton. In the effective four-dimensional
theory, the motion of the branes is described by this slowly-rolling scalar field, the inflaton.
This has a flat potential with no need of fine tuning. Flatness of its potential is due to the
very weak brane-brane (and brane-orientifold plane) force at large distances, thus allowing
for sufficient number of e-foldings. When the branes come closer, the short-range potential
turns on and ends inflation. At this point the inflaton potential becomes very steep and
its oscillations reheat the brane(s). In this scenario, it is even possible that the electroweak
Higgs field plays the role of the inflaton.
B. Brane-induced inflation.
In this subsection we show how the relative separation of the branes in the extra space
can lead to the inflation in 3 non-compact dimensions. Consider two 3-branes3. We will be
assuming that there is an attractive potential between these branes which stabilizes them
on top of each other. Let the brane tension, the energy per unit 3-volume, be T and the
brane-brane separation in the extra space be r. Then the effective 4-dimensional vacuum
energy density is given by
Λeff = V (r) + 2T + ΛbulkVN (3)
where V (r) is the brane-brane interaction energy and Λbulk is an effective bulk cosmological
constant. Their normalization is such that V (0) = 0 and the positive contribution from
3one can in fact consider them as two p-branes with p− 3 dimensions compactified (see the next
section).
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T is canceled out by the negative contribution from Λbulk. When branes are displaced,
V (r) is no longer zero and results in an effective cosmological constant in four dimensions
Λeff = V (r) > 0. What is the cosmological effect of this term? Before discussing this, let
us make a couple of clarifying remarks.
To preserve the success of BBN, there is a very strong requirement that the size of the
extra dimensions should not evolve from the time of nucleosynthesis. On the other hand,
for small N , it is not desirable to have a large reheating temperature in the bulk, since
the resulting KK graviton excitations can over-close the universe. In the present context,
this is quite natural since the reheating takes place on the brane(s) only (see below), so we
expect little change in the bulk temperature in this scenario after inflation. Therefore, in the
first approximation, we require that extra radii are frozen both during and after inflation.
For this to be the case, the radius modulus (radion) must be stabilized by some effective
potential4 which can give it a mass mR larger than an effective four-dimensional Hubble
parameter
mR > H = (Λeff/3M
2
P )
1
2 (4)
This is not a very strong requirement since we expect at most Λeff = V (r) ∼M
4
Pf .
The second point is that an effective 4-dimensional Hubble size H−1 should be larger
than the size of extra dimensions R. Otherwise the universe cannot be treated as four
dimensional at distances ∼ H−1. In view of (3), this is equivalent to the requirement that
the (4 +N)-dimensional Bulk Hubble length
H−1bulk ∼
M
1+N/2
Pf
Λ
1/2
bulk
> R (5)
Both of these requirements are easily satisfied for Λeff ∼ T ∼M
4
Pf , even for N = 2.
Assuming that the above requirements are satisfied, at distances >> R the evolution of
the 4-dimensional scale factor a(t) is governed by the usual Friedmann expansion, with an
effective Hubble parameter
H2 =
(
a˙
a
)2
=
ρeff
3M2P
(6)
where dot denotes a derivative with respect to the cosmic time t and
ρeff = T r˙
2 + V (r) (7)
is an effective four-dimensional energy density of the Universe. The first term in (7) comes
from the kinetic energy of relative brane motion (we neglect the center-of-mass motion).
Inflation will take place if
4We will not try to identify an explicit source of the radius stabilization in this paper and will
take it for granted (see [22], [23] for possibilities in this respect and [24] for recent discussions on
perturbative stability ).
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T r˙2 << V (r) (8)
meaning that V (r) is a flat function for some r. On the other hand, effective reheating5
requires V (r) to be steeper at the later stages. This is the key point of our paper: in many
cases, V (r) is indeed a steep function for small r rapidly approaching a constant value for
r →∞. To see this, consider the brane-brane interaction at large distances. It is governed
by the following possible sources:
1) There are modes (both massive and massless) localized on the branes. Their wave-
function decays exponentially fast in the directions transverse to the brane ψ(r) ∼ e−r/r0
where r0 is the ”thickness” of a brane, an effective localization width of the states. Many
of the standard model particles belong to this category. When branes are separated, the
couplings between the states from different branes are suppressed. When the branes are
coincident, however, the coupling strengths are restored and they contribute to the vacuum
energy on the brane. Apriori this contribution cannot vanish since supersymmetry must be
broken on the brane, where we live. Its sign depends on the details. We assume that this
contribution is negative (in agreement with the assumed attractive brane-brane potential)
and thus must be canceled out by adjusting a positive brane tension. This is just the usual
fine tuning of the cosmological constant. On the other hand, when branes are separated,
the negative contribution decreases (at least) exponentially fast ∼ −e−r/r0 and there must
remain a non-balanced positive constant term at large distances. The bottom-line is that,
there is a very short range attractive potential between the branes:
V (r) ∼ T (1− f(r/r0)) (9)
where f(r/r0) is an exponentially vanishing function for r > r0. For solitonic membranes
we expect r0 to be at least as small as T
− 1
4 ∼ M−1Pf .
2) Another potential source is an exchange of the massive bulk modes, which at large
distances (r >> m−1) decouple and create an Yukawa suppressed potential ∼ r2−Ne−mr.
3) In the same way, an exchange of the light bulk modes, like graviton or gauge fields will
generate a power-law potential ∼ 1/rN−2; an over-all sign depends on the balance between
the tension and gauge charge density on the brane6. For instance, gravitational interaction
is attractive between D-branes and repulsive between D-branes and the orientifold plane,
while the R-R fields have an opposite effect and in the unbroken supersymmetry limit can
compensate the graviton/dilaton force. In this limit, branes are BPS states. However, even
if the RR fields and the dilaton field get small masses, their effect can still ”screen” gravity
at distances r << m−1.
4) Confining potential ∼ kr due to the strings stretching between the branes. One
expects open strings stretched between branes. This is true both for D-branes [6] as well as
for field theoretic solitons [5]. In the latter case they are flux tubes which are presented due
to the fact that bulk must be confining (in order to have a massless gauge field localized on
5By ”effective”, we mean TR at least up to nucleosynthesis temperature TR ∼ 1MeV on the brane.
6In some cases, logr dependence should be understood for the N = 2 case.
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the brane) [5] and therefore the gauge flux is trapped in the flux tubes that can stretch from
brane to brane. Thus, at large distances one expects the brane-brane potential to be
V (r) = T (α− f(r/r0) + bi
e−mir
rN−2
+
c
rN−2
+ kr) (10)
where α, bi, c are model-dependent constants. k is proportional to the density of the stretched
strings per unit 3-volume. During inflation, k is redshifted away exponentially fast k(t) ∼
kine
−3Ht. The condition that the linear term will allow inflation is
MPkin
M2Pf(aT + kinrin)
< 1 (11)
at least in some region of H−1 size. The corresponding region will then expand making k
negligible very rapidly7. In what follows we will assume that this is the case and ignore the
linear term.
We now turn to the discussion of the resulting inflationary dynamics. It is most con-
venient to do this in the effective 4-dimensional field theory picture, where brane-brane
separation is described by an expectation value of the real scalar field (inflaton):
φ ∼M2P lr (12)
There is a simple understanding of this relation (see the next section for an alternative
explanation in the D-brane context) if one thinks of branes as some sort of the field theory
solitons formed by the massive scalar fields Φ1 and Φ2 with the Lagrangian
L = L1(Φ1) + L2(Φ2) + Lcross(Φ1Φ2) (13)
In this language branes are stable configurations independent of xµ and localized in the
external space at xA = 0 and xA = rA respectively
Φ1 = Φ1(xA), Φ2 = Φ2(xA − rA) (14)
(where the index A = 1, 2.., N labels the extra coordinates). It is most crucial that away from
the branes the situation looks like the translational invariant vacuum up to an exponentially
small correction ∼ e−m|x|. Assume for a moment that there is no cross interaction among
Φ1 and Φ2 fields in the Lagrangian (Lcross = 0). Then there are N massless modes localized
on each brane, corresponding to N transverse excitations:
Φi(xA +G
i
A(xµ)) = brane +G
i(xµ)
∂Φi(xA)
∂xA
+ heavy modes (15)
These are Goldstone modes of spontaneously broken translational invariance. However, in
the presence of two branes only N superpositions (G1A + G
2
A), corresponding to the center
7Note that for the regions with k ∼ M−1Pf inflation would require either rin ∼ MP /M
2
Pf ∼ 1mm,
or T < MPf .
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of mass motion, are true Goldstones modes8. The remaining N orthogonal combinations
φA(xµ) = G
1
A−G
2
A correspond to relative vibrations of the branes and are massless only be-
cause membranes are non-interacting. However, even in the presence of local cross couplings,
e.g.
Lcross = λ(Φ1Φ2)
2 (16)
the induced potential is short range, due to localized nature of branes, and decays expo-
nentially fast for large separation. Corresponding four-dimensional mode describing this
separation is given by
φ =
(
(rA +G
1
A −G
2
A)
2
) 1
2 (17)
and has an exponentially decaying potential for large field values
V (φ) ∼ T (α− f(φ/M)) (18)
where f(φ/M) goes at least as ∼ e−φ/M and M ∼ T
1
4 is a typical mass parameter of the
theory. As discussed above, the constant term α comes from the short range binding energy
of the solitons, which at the tree level is roughly:
Ebinding ∼
∫
dVN (Lcross(Φ1(xA)Φ2(xA))− Lcross(Φ1(xA)Φ2(∞))) (19)
There will be an additional contribution to α and f from the modes localized on the solitons.
All this contributions are very short range bounded by the brane thickness. In the presence
of light bulk modes, such as gravity or gauge fields, there will be an additional interaction
of the form (10) so that the effective potential will become:
V (φ) ∼ T
(
α− f(φ/M) +
1
|φ|N−2
(
βie
−|φ|/Mi + γ
))
(20)
where index i runs over all the massive modes. Note that Mi ∼ M
2
Pf/mi depend on the
masses of bulk modes and apriori may be totally unrelated to the value of T .
Let us now turn to the inflationary dynamics following from the above potential. We
will assume that all the bulk masses are mi < MPf and, therefore, for φ >> m
−1
i the short
range potential f(φ/M) plays no role. Note that for mi << R
−1 case, it is possible that βi
and c terms conspire and cancel out for r << m−1i . In such a case V (r) can be dominated
by f(r) term. This may happen in the string theory and will be discussed later. For the
moment however we assume that there is no such a conspiracy and will discuss the case of
very small γ first.
As mentioned above, we assume that Universe starts out in the state with nonzero
vacuum energy induced by (parallel) branes separated at some distance rin ∼ φin and
8In the presence of gravity, these are eaten up by graviphotons gµA and get mass ∼ T
1
4 MPf/MP
[1]
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slowly approaching each other under the action of an attractive force. In the effective four-
dimensional language this is described by the slowly-rolling scalar field φ, whose evolution
is governed by the following equation of motion
d2φ
dt2
+ 3H
dφ
dt
+
dV
dφ
= 0 (21)
where V is given by (20) and we take γ = 0 to start with. Standard slow-roll conditions are
|MPV
′/V | << 1, |M2PV
′′/V | << 1 (22)
where prime denotes the derivative with respect to φ. Breakdown of either of these will
mark the end of inflation. The corresponding value φend is determined by:
β
αφN−2end
e−
φend
M ≃
(
M
MP
)2
(23)
The number of e-foldings n between two values φend and φn can be found by integrating (21)
subject to the slow roll (basically ignoring the second derivative)
n =
1
M2P
∫ φn
φend
dφ
V
dV/dφ
(24)
This gives
β
αφN−2n
e−
φn
M ≃
(
M
MP
)2 1
(n + 1)
(25)
Comparing with (23) we see that during the last 60 e-folds, the change in φ is very small.
Thus for small γ the requirement of successful inflation puts basically no constraint on the
number and size of extra dimensions as far as R >> m−1i . For γ ∼ βi the slope of the
potential at φ >> Mi is dominated by the power-law term and the slow-roll breaks down at
αφNend = γM
2
P (N − 1)(N − 2) (26)
and the value φn (n e-folds before the end of inflation) is given by
αφNn = (n+ 1)γM
2
PN(N − 2) (27)
Now using equations (1) and (12) and taking into account that the maximal initial separation
of the branes is bounded by the size of extra dimension rin < R, we get that for having 60
e-foldings with maximal initial separation, c must satisfy
MN−2Pf > 60(N − 1)(N − 2)γ/α (28)
which is not a significant constraint.
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C. The Type I String Picture
The observed universe contains gauge and matter fields as well as gravity. Since super-
string theory [6] is the only known theory that incorporates consistent quantum gravity, one
would like to see how string theory can describe our universe. In the brane world picture
[1,7,10], gravity lives in the ten dimensional space-time, whereas gauge fields can be local-
ized on p spatial dimensional extended objects known as Dp-branes. In particular, our four
dimensional world (including the strong and electroweak interactions as well as the quarks
and leptons) resides inside a set of overlapping branes (or intersection thereof with other
branes), with the extra p− 3 ≥ 0 spatial dimensions compactified on a manifold with some
finite volume Vp−3. However, gravity is free to propagate in the ten dimensional bulk of the
space-time with the remaining 9 − p spatial dimensions compactified on a manifold with
some finite volume V9−p. Dilaton (and other moduli) stabilization generically requires the
string coupling to be gs >∼ 1. Thus, in the brane world picture, the four dimensional gauge
and gravitational couplings scale as 1/Vp−3 and 1/Vp−3V9−p, respectively. By tuning V9−p
(for p < 9) we can achieve gauge and gravitational coupling unification. Then for p > 3, we
can choose Vp−3 large enough so that the four dimensional gauge couplings are small even
if gs is not. The 3 < p < 9 feature means that our world is inside a p-brane. In this brane
world picture, the string scale Ms can apriori be anywhere between the electroweak scale
and the Planck scale. Physics becomes most exciting when Ms is around TeVs [1]. Note
that
M2P ∼M
8
s Vp−3V9−p (29)
Comparing with (1), we obtain the relation
M2+NPf ∼M
8
s Vp−3V9−p−N (30)
Here MPf is expected to be somewhat larger than Ms, but within the same order of magni-
tude.
To see that the inflaton potential during the inflationary epoch can appear rather nat-
urally in the brane world, let us consider the embedding of the TeV scale scenario in the
perturbative 4-dimensional Type I string [7,25], where some semi-realistic models have been
constructed [8,9]. A typical model will have orientifold planes with negative tensions (i.e.,
energy density) [26]. It turns out that the orientifold plane is also charged under some (p+1
form) tensor (i.e., RR) fields present in the theory. One may view these planes as rigid
p-branes with negative brane tensions and negative RR charges. (To be concrete, one may
choose p = 5.) When all the 9− p directions are compactified, the negative RR charges of
the orientifold plane must be canceled by the introduction of positively charged D-branes.
In the classical vacuum of a Type I string, a set of D-branes sit on top of each orientifold
plane, with zero net RR charge. Let the brane tension of a Dp-brane be Tp. Then the sum
of the energy density KTp of the set of K Dp-branes exactly cancels the negative energy
density -KTp of the orientifold plane (K = 2
l). In a supersymmetric vacuum, the energy
density is exactly zero everywhere. (There are vacua in which the branes are separated. F
theory [27] provides the proper description of these generalized situations.)
In the early universe, however, the Dp-branes do not have to be exactly on top of the
orientifold plane. Let us consider the simple situation (this is also the most relevant situation,
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as we shall explain later) where a single Dp-branes is separated from the rest by a distance
r. The tension (energy density) of the brane, Tp ∼ M
p+1
s , is opposite to the sum of the
enrgy density of the remaining branes plus the orientifold plane. Before dilaton (and other
moduli) stabilization and SUSY breaking, the static potential due to the exchange of the
closed string sector fields has the form [28]
V (r) ∼ Tp(1− 1)F (r) (31)
where r is the displacement distance in the extra large directions, and the function F (r) is
model dependent. Crudely speaking, F (r) is the dual of the one-loop open string amplitude.
This potential arises from the exchange of closed string (bulk) states between the displaced
Dp-brane and the rest. The closed string spectrum can be separated into two groups, the
NS-NS states and the RR states. The positive term comes from the exchange of NS-NS
states and the negative terms come from the exchange of the RR states. The massless NS-
NS states include the graviton and the dilaton-axion. The force due to their exchanges is
repulsive. The exact cancellation of the forces due the NS-NS and RR fields is a consequence
of the BPS property of the branes. If the brane is moving slowly towards the rest, velocity-
dependent terms are expected in the potential. Before supersymmetry breaking, the leading
term has the form v4rp−7. After supersymmetry breaking, we expect a v2 term to be present.
In the more realistic situation, where the string model describes our universe, the dilaton
(and other moduli) must be stabilized dynamically, and supersymmtry must be broken
(presumably softly and dynamically). To be compatible with experiments, all the bosonic
bulk modes except the graviton are expected to become massive. This means that the
dilaton-axion and the RR fields must become massive (so that their long range forces are
Yukawa suppressed), while only gravity remains long ranged. After the stabilization of the
dilaton and other moduli, we expect the potential V (r) to be, at large r,
V (r) =M6−NPf r
2−N(1 +
∑
e(−mir) −
∑
e(−m
′
j
r)) (32)
where mi are the masses of the NS-NS states while m
′
j are the masses of the RR fields.
For large r and N= 2, V (r) is essentially a constant. For r = 0, we expect V (r = 0) = 0,
since today’s cosmological constant is (almost) zero. For small r, the form of V (r) depends
crucially on the mass spectrum. However, the overall shape of V (r) is quite clear: it rises
rapidly from zero at r = 0 to the r2−N form for large r.
Besides the massive states (i.e., ∼ MPf or larger) which we may safely ignore, there
are bulk light states which were massless before supersymmetry breaking and dilaton stabi-
lization. For experimental compatibility, it is enough that their masses are of the order of
inverse millimeter(mm) or larger. (From the experimental view-point, this is a very exciting
scenario, due to the sub-millimeter test of Newton’s gravitational law [29]). This will auto-
matically be the case if the only stabilizing potential for them comes from supersymmetry
breaking on the brane [7]. In this case, of course, their contributions will keep canceling
gravitation at distances smaller than inverse mm. Effectively, the coefficient of 1/rN−2 term
(c in the previous section) will be suppressed at least by a factor ∼
M2
Pf
MP
, since this measures
the transmission of the supersymmetry breaking in the brane to the bulk and thus generates
the dilaton-axion-RR masses. So the number of e-foldings can be very large! In general, the
possible number of e-foldings will be bounded by Eq.(27).
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In the TeV scenario, supersymmetry must be broken on the brane in full strength, so we
expect the appearance of the constant term in (32), of the form Tα, which should come from
the short-range brane-brane binding energy, an analog of (19), as well as Higgs potential
from the brane modes.
Now we want to argue that the separation distance r is really a brane mode, not a bulk
mode. This is crucial to the reheating problem. Suppose the displaced brane belongs to a
set of branes that yield a SU(L) gauge symmetry, i.e., the SU(L) gauge bosons are open
strings whose ends live on this set of branes. Then the separation of the branes breaks the
SU(L) gauge symmetry, resulting in some massive gauge bosons [21]. The energy due to a
stretched open string is M2s r (i.e., string tension times length). However, we know that this
corresponds to the mass of a gauge boson after spontaneous symmetry breaking,
mass = gφ ∼M2s r (33)
so we can identify r with the vev of the Higgs field φ. Here φ is an open string state
whose one end is stuck on the displaced brane, while its other end is stuck on one (or an
appropriate linear combination) of branes that are sitting on the orientifold plane. So it is a
brane mode. (At the ground state, φ lives mostly inside the branes.) After the integration
over the extra large dimensions, the above potential V (r) becomes the potential term V (φ)
in the 4-dimensional effective field theory, so φ becomes the inflaton. More generally, even
when there is no gauge symmetry associated with the separation of a particular brane, the
separation distance r is identified with the vacuum expectation value of an appropriate scalar
field; that is, this scalar field is a brane mode playing the role of the inflaton. In the effective
four-dimensional theory, the motion of the branes is described by this slowly-rolling scalar
field, the inflaton. This has a flat potential with no need of fine tuning.
In the early universe, some number of open strings are stretched between the branes.
The density of such stretched strings (or other stretched branes) depends on the initial
condition/situation. This density will decrease as the universe expands. In fact, inflation
will shift it to zero rapidly.
At φ = 0, we know V (φ = 0) = 0, so that the cosmological constant remains zero.
At small φ, we know the potential is quite steep. In fact, the precise shape is very
model/dynamics dependent. Fortunately, the details there are not so important. Since
φ is a brane mode, its coupling to closed string (i.e., bulk) modes are extremely weak,
while its coupling to other open string (i.e., brane) modes are around typical gauge coupling
strength, so its damping reheats predominantly the brane but not the bulk.
In this brane inflation scenario, the inflaton could have been the electroweak Higgs field
in the standard model. In this case, the minimum of the potential should be shifted away
from the φ = 0 point to the electroweak scale. This can be achieved if the electroweak Higgs
potential is generated after supersymmetry breaking.
Now we can consider the general case, where the branes are all separated from the
orientifold plane. The separations may even be at different angles. A careful treatment
requires an analysis in F theory [27]. However, we can easily envision that, one after another,
the branes begin falling on top of the orientifold, until only one brane, or a set of overlapping
branes, remains separated from the rest. As long as this separation survives 60 e-foldings,
the details before that is irrelevant to observations today.
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D. Density Perturbation and Baryogenesis.
Now let us discuss the issue of density perturbations in our scenario. The predicted value
of δρ
ρ
can be estimated from the standard formula
δρ
ρ
∼
H
MP ǫ
(34)
where ǫ = MPV
′/V is the slow-roll parameter in (22). The right-hand side of the above
equation must be evaluated at a time when the scale of interest crosses out of the de Sitter
horizon H−1. Let the corresponding inflaton value be φn. Perturbations on the present
Hubble scales correspond to the value of δρ
ρ
at φ = φ60. In the usual picture (with MPf ∼
MP ) the Hubble parameter can be reasonably large (∼ 10
13− 1014GeV or so) and therefore
the observed value of δρ
ρ
∼ 10−5 does not require very small ǫ60. In our case the Hubble
parameter is tiny H
MP
∼ 10−32 and thus ǫ60 must be enormously small (10
−28 or so!). This
means that the potential at φ60 must be extremely flat and sharply become very steep at φend.
This can be achieved if the inflaton potential is dominated by the short range brane-brane
interaction. Very crudely, the density perturbations then come out to be
δρ
ρ
∼
1
r60MP
(35)
We see that (in agreement with [18]) the requirement of large density perturbations places
more severe constraint on the flatness of the inflaton potential than the requirement of
successful inflation with 60 e-foldings, which in our scenario requires no fine-tunning. An
expected lower limit for r60 is around M
−1
Pf , which for MPf ∼ TeV would give
δρ
ρ
∼ 10−15.
The observed value would require branes with a very short range potential (∼ 104M−1P ).
This would mean that a brane cannot fluctuate at scales >> 10−28cm and is an extremely
rigid object.
There can be other sources of the density fluctuations, e.g. coming from the branes falling
on the orientifold plane earlier, 60 e-folds before the end of inflation (see discussion at the
end of the previous section). To conclude, the precise origin of the density perturbations in
the present context is an open question and requires an additional study.
Another important issue in theories with TeV scale quantum gravity is baryogenesis.
As mentioned above, our scenario gives a natural posibility of releasing the inflaton energy
predominantly into the branes. This is a desirable starting point for avoiding the bulk
graviton over-production. However, even in such a optimistic case the reheating temperature
on the brane cannot be arbitrary high since the bulk gravitons can be produced by brane-
evaporation [1]. In particular, reheating up to the electroweak temperatures is problematic
(at least for small N) and thus the standard scenarios of baryogenesis is not operative.
However, in our case, there are new possible sources: first, since the Hubble parameter
is so small, the electroweak transition may in fact coincide with the inflationary one and
be non-thermal. This will provide an out-of-equilibrium condition. More importantly, the
inflaton can directly decay into the baryons via the baryon-number- and CP-violating MPf -
suppressed interactions. Such operators can be harmless for proton decay due to unbroken
discrete subgroups of B and L [7] (see [15] for an explicit construction). Thus, in principle
at least, the baryon number can be generated with a very low reheating temperature.
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E. Conclusions
In this paper, we present a novel brane inflationary scenario in theories with low scale
(TeV) quantum gravity. This inflationary scenario is natural in the brane world picture. In
the classical vacuum, K branes, with positive energy densities, sit on top of an orientifold
plane, with negative energy density, so the vacuum energy cancels out. In the early universe,
some of the branes ”start out” relatively displaced in the extra dimensions. This introduces
a vacuum energy, which triggers inflation in the non-compact 3-dimensional space. The
number of e-foldings can be very large due to the very weak brane-brane interaction at large
distances, which is mainly due to the graviton and other massive bulk mode exchanges. The
displacement distances between branes are identified with the vacuum expectation values of
scalar fields, which are brane (open string) modes. When branes are close to each other, the
potential becomes steep and inflation ends rapidly, releasing energy mostly into radiation
on the branes. In this scenario, the electroweak Higgs field may even play the role of the
inflaton.
Although this brane inflationary scenario emerges rather naturally in the brane world pic-
ture and the overall picture looks promising, its details are quite model-dependent. Precise
predictions seem to require a better understanding of the moduli stabilization and supersym-
metry breaking mechanism. On the other hand, we can use the inflationary requirements
to further constraint the brane world dynamics. For example, the shape of the inflaton
potential depends strongly on the masses of the light bulk (closed string) modes, which are
massless before moduli stabilization and supersymmetry breaking. They are expected to
have tiny masses if supersymmetry breaking occurs on the brane and is then transmitted to
the bulk.
Although the brane inflation can easily reheat the brane to a temperatures around the
electroweak scaleMew, for small number of extra dimensions and lowMPf , this is forbidden,
due to the subsequent evaporation into the bulk gravitons [1]. Thus the standard electroweak
baryogenesis cannot be applied in such a case. However, in the brane inflation context,
there are new potential sources, which can allow baryon number generation at much lower
temperatures. This is due to the possibility of direct B- and CP -violating decays of the
inflaton into the brane-baryons. It is important to study this issue in greater detail.
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